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The properties of organic dyes as well as the lasing process of
organic dye lasers are investigated to form the basis for the design
of a cw dye laser. Different dye laser systems are compared with
regard to stability, utility, and construction characteristics. A
folded three mirror resonator with an inserted dye cell set at the
Brewster angle is chosen and analysed. The astigmatic effects in-
troduced by the tilted mirror can be offset by those from the dye
cell to yield a compensated cavity. The trade-offs and limitations
given by the cell thickness, the angle of incidence, and the focal
length of the center mirror are discussed. Finally, experimental
data and procedures are given.
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I. INTRODUCTION
When in 1960 Maiman [1] presented the first optical maser and
Sorokin and Stevenson [2] obtained situmlated emission in a four-
level laser system (systems as explained by Yariv and Gordon [3]),
the ground was broken for a vast variety of laboratory work and
prediction in the field of lasers.
It seemed to be no surprise when the well known process of
luminescence in organic materials was among the early suggestions
for the laser operation. In 1961 Brock et. al. [4] and, independently
Rautian and Sobelman [5] theoretically considered phosphorescence
lasing and their results seemed to be verified by the experimental
results given by Morantz et. al. [6]. But the results of these
investigations were questioned [7]. Subsequently this approach
to obtaining laser action was dropped.
Stockman et. al. [8] recognized the advantages of a fluorescent
emission over a phosphorescent one for lasing, but they were not able
to get any experimental verification of their ideas (although they
were correct) . Experimental success came with the work of Sorokin
and Lankard [9]. This system, with the lasing medium excited by a
giant-pulse ruby laser, is considered to be the first true optically
pumped organic laser (if one sets aside the lasers based on the
rare-earth chelates)
.
The same two authors achieved organic dye laser action by flashlamp
excitation in 1967 [10].

The report of CW-operation of an organic dye laser by Peterson
et. al. [11] was another major step in this part of the laser field,
which is very promising for the following reasons:
(a) Dyes, usable for laser operation, are available over the
entire visible spectrum and beyond; typical values -3400- 11,750 A.
(b) Dye lasers are continuously tunable; ranges of over 1700 X
have been obtained [12],
(c) The spectral width of the normally broad band emission
can be narrowed to single Angstroms; minimum values of less than
0.01 A have been obtained [13].
(d) Conversion efficiencies of nearly 30% have been obtained
in laser pumped organic dye lasers [14].

II. PROPERTIES OF ORGANIC DYES
A. DYE CHEMISTRY
This section summarizes material presented in Ref. [15]:
(1) A strong fluorescence is an essential prerequisite for
the lasing action of an organic dye laser. This property determines









See TABLE I for further specifications of some typical dyes of
these families.
(2) Reports indicated that the number of dyes which lase
under excitation of another laser is greater than those that are excited
by flashlamps. Most dyes that could be flashlamp excited belong to the
Xanthenes and the Coumarins.
(3) Chemical or photochemical instability can be a major
problem for dyes, especially if their decomposition products absorb at
the wavelength of the emission.
(A) The Xanthenes seem to be the most promising dyes because
lasing action is most easily achieved and they absorb and emit light

TABLE I [15 , 17]
Chemical Structure and Data for Typical Laser Dyes
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chiefly in the visible part of the spectrum. Also they are more stable
under visible and UV-radiation than Polymethines.
(5) Oxazoles, Coumarins, and Anthracenes mostly absorb in the
near UV and emit in the violet or blue region of the spectrum.
B. SPECTROSCOPY
Reference [15] gives a very useful general summary of the spectral
properties of organic dyes as well as further references. The summarizing
statements are restated here:
(1) The widths of the principal absorption and emission bands
of these dyes are generally on the order of 1000cm . One or more
absorption bands may be found towards the UV from the principal ab-
sorption.
(2) The fluorescence peak occurs at longer wave lengths
than the principal absorption peak The extent of this Stokes shift
and the width of the fluorescence and absorption spectra may be such that
the short wavelength tail of the fluorescence substantially overlaps the
long wavelength tail of the absorption.
(3) The fluorescence spectrum is generally a mirror image of
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Fig. 1: Absorption and fluorescence spectra of
-4
10 M rhodamine 6G in ethanol [18]
_9
(4) The fluorescent lifetime is typically 5 x 10 sec.
(5) Excited - triplet absorption band may overlap the fluores-
-3
cence band and may persist for as long as 10 ' sec, depending on the
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2: Singlet absorption and fluorescence spectra of 5 x 10 M
rhodamine B in methanol and triplet-triplet absorption
absorption spectrum in polymethylmethacrylate [18].
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C. ENERGY LEVEL CONSIDERATIONS
1. Basic Energy Level Structure
General laser operation of any kind is best understood by
considering the physical interaction in the atoms or molecules of the
laser material with the help of an energy level diagram. All molecules
exhibit electronic spectra (due to the change in the electronic con-
figuration of the molecule) with rotational and vibrational fine struc-
tures (due to the motion of the molecule's atomic nuclei). These energy
level diagrams are relatively easy to represent for atomic or simple
molecular gas lasers and solid-state lasers but are extremely complicated
for the large, complex dye molecules.
In order to preserve a helpful tool while avoiding too much com-
plexity, it is generally accepted that one can represent the energy
level diagram for a dye molecule by using the theory of a diatomic
molecule (which is similar to the quantum mechanical harmonic oscillator
problem) . The potential energy of the diatomic molecule is plotted as
a function of a single variable, the internuclear distance, R. The
different energy levels can now be calculated by consideration of the
various selection rules. Typical separations of energy levels are
given by:
electronic - electronic: several electron volts
vibrational - vibrational: 0.1 eV
-3
rotational - rotational: 10 eV
Due to the very small energy separation between rotational levels they




Figure 3 contains curves of potential energy versus internuclear
distance for the electronic ground state and first excited state in a
diatomic molecule as well as the vibrational energy levels of each
state. Superimposed on the vibrational energy levels are graphs of the
corresponding harmonic-oscillator probability densities (i.e. eva-
2
luation of | H' | , where V is defined as the wave function). The densities
indicate the likelihood that the nuclei of the diatomic molecule will
be a specific distance, R, apart.
Assuming that electronic and vibrational transitions are so
rapid that instantaneous internuclear distances remain fixed while they
occur (Franck-Condon principle [16]), transitions must be indicated by
vertical lines on the energy level diagram. Transitions are favored






Fig. 3: Vibrational energy levels and associated probability den-
sities for two electronic states of a diatomic molecule.
The vertical line indicates an electronic transition.
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Prior to consideration of the laser process one has to make one
further assumption. For the diatomic model it is possible to assume
that the configuration of states can be described by only one variable,
although a dye molecule's potential energy generally is a function of
more than one variable.
2. Basic Dye Laser Process
The laser process based on the fluorescent radiation of the dye
can now be explained (Figure 4) as interaction between two singlet-states,
S (electronic energy level, ground state) and S
,
(electronic energy


















Fig. 4: Basic laser process between electronic singlet-states.
Principal laser levels are indicated 1 - 4 . v =
vibarational quantum number, v = 0,1,2,...)
Optical excitation pumps the molecular electrons from the zero-
point level (v=0) of the ground state, S (indicated as (T) ) , to a
higher vibrational-rotational energy level in the first excited singlet-
state, S (indicated as (2)). By numerous collisions between molecules
the single molecule loses part of its vibrational energy and drops in
very rapid transitions to the zero-point level of the first excited
16

singlet-state, QT) . These radiationless processes are called internal
conversions
.
In order to accomplish the laser action by stimulated emmission
(fluorescent radiation) between the upper laser level, CD, and the lower
one, Qy , the system must reach population inversion (at least the
critical inversion) between these two levels. This is attained by
accumulating particles in laser level f3) anc* rapid depopulation of
laser level M) .
The accumulation of particles in level (S) is achieved since
the decay from level Q) (which normally is taken as the fluorescent
-9 3
lifetime, -5x10 ' sec) is much slower, at least by a factor of 10 [19]
,
than the internal conversion, (2) -> (5). The rapid depopulation of the
lower laser level (4) by radiationless transition to level (l) is
governed by the same small internal conversion time factor as the
(2) •* (3) transition.
The process described above indicates a four-level laser system.
Experimental verification of this model is given by Ref. [18] and Ref.
[20]. Both show that the relative population (for critical inversion),







where N = density of molecules in level Qf)
N = total density of molecules in system




Critical Inversion and Triplet-State Concentration for Laser
Dyes at the Onset of Oscillation (Flashlamp excited)
N , N * N N N , * A,
si Si t t Si 1








10~ 4M, methanol 0.039 0.93 5.5 8.4 (1) 23.8 615
Rhodamine 6G
10"AM, ethanol 0.214 0.84 2.9 4.4 (1) 3.9 579
There are major effects due to triplet-states, which have not
been considered up to now, in the overall performance of the system.
The general lasing process as described above remains valid but it is
more difficult to reach the critical inversion. This is based on the
fact that the upper laser level is not only depopulated by fluores-
cence bun also by non-radiative transitions between the singlet and
the triplet-state ( intersystem crossing ) . The above considerations are
indicated by the discrepancy between N . and N as shown in TABLE II.
Since the ground state is a single-state, the intermediate state
between the ground state and the first excited singlet-state is a (at
least one) triplet-state because of selection rules.
The evaluation of N (%) seems to result in slightly different
numbers: „~
1 M solution contains 6.023x10 molecules/liter
10 M solution contains 6.023x10 molecules/cm
N
Rhodamine B: t .. nn Q . „r-r— x 100 = 9.1 %
6.023x10




where 6.023x10 mole is Avogadro's number.
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Singlet-triplet (S-T) transitions do occur but at amuch lesser
rate than "spin-allowed" transitions between singlet-singlet (S-S) or
triplet-triplet (T-T) states. These S-T transitions are called "spin-
forbidden". A more complete energy level diagram is given in Figure 5.
This diagram includes triplet-states.
To complete one's understanding of the lasing process the
following explanations have to be added:




mestastable (lifetime under normal conditions 10 ' sec) level and acts
as a particle trap. It not only depopulates the upper laser level, (3)
,
but it deprives the lasing system of the necessary molecules to reach
the critical inversion. The depopulation can prevent any laser action
if the S-S absorption ( CD"*- \Z) ) ^ s to° s l°w to reach the critical
inversion. The extraction of particles can stop the laser action, if
the density of the molecules in the zero-point ground state, (l) , is
so small that one can not preserve the critical inversion.
Another drawback for the lasing operation is the T-T absorption,
which takes place at a longer wavelength than the principal S-S absorp-
tion (Figure 5) . This T-T absorption might therefore compete directly





-S„ absorption is very weak, because of the small pop-
ulation density of the first excited singlet-state, S .
3. Intersystem Crossing
Although a complete understanding of intersystem crossing is
not necessary to explain lasing phenomena a simple description might




Fig. 5: Schematic energy level diagram for a dye molecule in-
cluding significant electronic and vibrational tran-
sitions. (For clarity the origin of the triplet-states




are discussed briefly. For all these situations one assumes that the
population density of the higher vibrational levels of the first ex-
cited singlet-state is very small in comparison to the zero-point level
of that state.
(1) (Figure 6a) : The only form of intersystem crossing expected
is that from the zero-point level of S to the zero-point level of T .
This is the situation described previously.
(2) (Figure 6b) : The energy levels of S and T are so close
together that one can expect a nearly perfect energy match between a
vibrational level of S.. and one of T . In this case there might be a
different path for the intersystem crossing as one could expect a
significant contribution form the vibrational levels, since their energy
gap is so small.
(3) (Figure 6c) : In this configuration it seems not very
possible that a direct intersystem crossing occurs between S.. and T-
,
since the energy gap is too large for that kind of spin-forbidden tran-
sition. One might expect, with a higher probability, an intersystem
crossing between S.. and T_, similar to that described in (2), followed
by a spin-allowed internal conversion between T_ and T.. .
Most of the above, mainly in (2) and (3), are predictions of
intersystem crossing which have not been verified experimentally. Some
attempts are given by References [19], [21] , [22].
For the purpose of understanding the dye laser process, one can
assume that the internal conversion is so rapid that most of the inter-
system crossing occurs from the zero-point level of the first excited
singlet-state to the zero-point level of the first triplet-state,
n
-8 -1





















4. Summary of Properties of Organic Dyes
The purpose of this summary is to state facts or considerations
which are fundamental for the design of a CW dye laser.
(1) Rhodamine 6G seems to be the most promising organic dye
for the following reasons:
- it emits and absorbs in the visible spectrum (absorption
spectrum can be matched with the output of an Argon laser)
- it produces the greatest efficiencies and highest output
powers
- it is stable when optically pumped
(2) To achieve and to maintain the critical inversion for a
CW operation one needs a high power (laser) pumping source.
(3) In order not to destroy the dye by the optical pumping
process the dye must be circulated rapidly.
_3
(4) The lifetime of the molecules in the metastable (10 " sec)




III. DESIGN OF A CW DYE LASER
A. LITERATURE SURVEY AND GENERAL CONSIDERATIONS
Despite the fact that triplet quenchers were known for a long time
the major breakthrough towards the CW operation of the dye laser was
achieved by the long-pulse experiments of Snavely and Schafer [23].
They were able to decrease the triplet lifetime of rhodamine 6G to
about 10 sec but failed to experimentally obtain CW operation because
of the problem of optical inhomogeneities in the active medium
(introduced by temperature gradiants due to the high intensity of the
optical pumping)
.
Peterson et. al. [11] overcame that problem by using an active
medium whose index of refraction was only slightly temperature depen-
dent (a water solution instead of a methanol one) and a dye cell with
windows of high thermal conductivity (sapphire instead of quartz or
pyrex) . They achieved the first CW dye laser operation, with a longi-
tudinally, externally excited laser system.
These systems, discussed by Tuccio and Strome [24], are based on
the following considerations:
The threshold conditions (assuming a required pumping power
2density of 100 KW/cm with 2% cavity losses and a triplet lifetime of
-10 sec) must be fulfilled continuously. That was not possible with
flashlamp excitation but were possible, for example, with argon lasers





In order to exceed the threshold by a factor of three to ten, one
has to focus this excitation laser beam to a spot diameter between 20
and 10 um.
To utilize the maximal pump power one has to match the pump beam
diameter very accurately with the diameter of the dye lasing mode
(Perterson et. al. [11] indicated the match of a 11pm pump beam with
a 12um lasing mode). These circumstances made the critical alignement
of excitation source and laser cavity necessary.
Tuccio and Strome [24] present a Two-Elemen t and a Three-Elemen t
cavity design.
The Two-Element system (Figure 7a) shows very sensitive relationship
between lasing mode spot size and mirror spacing. One can decrease the
sensitivity of the system by decreasing the cavity length, which na-
turally reduces the utility of the system, e. g. one cannot insert
tuning or modulating elements.
The contradiction of long cavity length and small spot size is
solved by a Three-Element system. In such a system, more often called
a resonator with internal lens (Figure 7b) , the spot size depends on
the focal length of the lens and not on the mirror spacing.
Thermal effects associated with both of these externally pumped
cavities introduced severe limitaitons to the laser operation. The
energy transfer spot (excitation > lasing) is located immediately in-
side the entrance window of the dye cell. Without a window material of
high heat conductivity it was impossible to reach laser operation [11]
.
This small, hot spot is able to damage the coating on the mirror as
well as the dye unless the dye is circulated rapidly. A high flow rate

















Mirror. R Cell Internal lens,f
-i^
Mirror, R,
Fig. 7b: Three Element cavity with an internal lens.
Mirror R is appr
of the lens. [24]
.. oximately at the focal point
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thermal effects. When the input power density exceeds 1 MW/cm 2 output
losses are still quite evident [24], even with high flow rates.
A modified version of the Three-Element system is the folded cavity
.
used for example with an acoustooptic modulator by Maydan [25]. The
folded cavity preserves the long cavity - small focus advantages in
addition to decreasing any optical losses introduced by the inserted
lens in the Three Element system. Kohn et. al. [26] inserted the dye
cell at the focal point of the folded cavity (Figure 8), and were able
to operate the system continuously. This system, which now is internally
pumped, has .several advantages over the externally pumped one:
(1) The dye laser is automatically aligned with the excitation
4
laser, since both lase in the same cavity.
(2) The power coupling into the dye occurs from the standing
wave of the excitation laser, i.e. the heat is generated nearly uniformly
along the pumping axis. This avoids forming the hot spot.
(3) The thermally induced inhomogeneities can be compensated
by cavity adjustments.
The disadvantages of the folded cavity are easily recognized. Both
the tilted mirror and the inserted dye cell which is usually at the
Brewster angle to minimize reflections introduce astigmatic effects,
that are detrimental to the required tight focus. It is assumed that
the astigmatism dominates any other optical aberration.
The design task is to offset the astigmatic effects of the mirror
with those of the Brewster cell to gain a compensated cavity [26], i. e.
find a relation between the angle of incidence and the cell thickness

































B. STABILITY CONSIDERATIONS FOR A RESONATOR WITH INTERNAL LENS
Kogelnik [27] showed in his analysis of resonators with internal
lenses, that a system such as in Figure 9a could be replaced by an
equivalent empty resonator system as in Figure 9b.




Fig. 9a: Resonator with internal lens [27]
U— d >j«-
R,
Fig. 9b: Equivalent empty resonator [27]
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It is required that
The radius of curvature of the substitute mirror (R ) can be found by




















The stability of a resonator of this kind is given by
*.<1 -|-)(1











This possibility of an adjustment of the mirror spacing lead Koeglnik
et. al. [28] to define an adjustment measure 6 by stating the spacing d
as
d = R + f + 6 (3.6)
One can now define a stability range 2S as




where 6 and 6 . are determined by the stability limits of Eq. 3. A.
max mm
These limits are obtained when











are evalusted by inserting 3.1, 3.8, 3.19 into




min d - f
These equations yield a stability range
.2
(3.11)












and R = °°
This simplifies 3.12 to approximately
f
2
2S - ± (3.13)
d
2
This estimate of the stability range will be used later in the design.
C. COMPENSATED CAVITY
1. Mirror Astigmatism
Light incident to a mirror at an oblique angle as in Figure 8
(folded cavity) is reflected to different focal positions (f , f )
,
x y
depending on whether it travels in the sagittal (X Z) or in the tan-
gential (Y Z) plane (Figure 8). Gauss' thin lens equation (without
astigmatism) is




where p = object distance
q = image distance.
This equation has to be modified [29] to
M-^22 (3-15)X
and - + — -a x. (3.16)
p q f cosO v
"'
y
where q and q represent the image distances in the sagittal and in the
tangential plane respectively.
Hence one can define two effective focal lengths
f = f (3.17)
x ?TCOS0
f = f cosO (3.18)
y
2. Brewster Cell Astigmatism
The astigmatic behaviour of light rays in the Brewster angle dye
cell can be expressed by two effective distances, as shown by Hanna [30]
(3.19





(l - sin\) (3>20)
y cell 2 2 3/2
(n - sin * )
where n = index of refraction of the dye cell (treating the cell windows
and the dye as an homogeneous material) . The other parameters are in-






















Inserting 3.21 into 3.19 and 3.20 yields









3. Compensation of Astigmatism
Following the procedure of section III. B. (definition of an ad-
justment measure) and evaluating the folded cavity using the results of
sections III. C. 1. and III. C. 2., the effective mirror separation in the
short leg of the cavity can be defined as:
d. E d
.
+ d _ - R. + f + 6 (3.24)lx air x cell 1 x x
d
n
Ed.+d . = R, + f + 6 (3.25)
ly air y cell 1 y y
In these equations d . is that part of d where the beam propagates in
the air. This quantity is the same in the sagittal and in the tangential
planes.
The quantities of the stability range, 2S (3.13), and the
adiustment measures 6 and 6
.
(3.10, 3.11) are governed by theJ max mm
2
factor f . This factor has to be modified in accordance with the effec-























6 = ^r£ (3.29)
x min d _ t/ CosG
6 =
f cos (3.30)
y max d ?









y mm d - f cos0 ^ ,J ;
If one assumes that the angle of incidence does not exceed
2
10 (cos 10° = 0.97) the value of the above parameters are shifted
upwards or downwards, in the sagittal or in the tangential plane respec-
tively, by less than 3%, which is tolerable. One can then state:
2S - 2S - 2S (3.32)
x y
6 - 6 ~ 6 (3.33)
x max y max max
x min y mm mm (3.34)
But even if the limiting values of these parameters are essentially the




can be associated with different ranges of spatial positions
x y
even though they have equal values. The general idea of a compensated
cavity is to produce a maximum overlap of the ranges of positions
associated with 2S and 2S . This would give the maximum possible
x y
compensation.
To provide the compensation one proceeds as follows:
Subtracting 3.25 from 3.24 and setting the difference of the adjustment
measure to zero, yields
d _. - d = f - f (3.25)
x cell y cell x y








This is the relation Kohn et. al. [26] presented for the compensa-
(1).
ted cavity with R = °°
Simplifying 3.36 by setting
(n 1}
[1 -K] = N (3.37
2 l ^ 2
n n
(hence N is a function of the index of refraction only)
gives
Nt = (-^-n - cosG) fcosO
This shows more clearly the trade-off made between cell thick-
ness (t) , and angle of incidence (0) to yield the compensated cavity.
(1)






















D. BEAM BEHAVIOUR IN THE COMPENSATED CAVITY
It was shown in section III. A. that, due to the threshold require-
ments and the limited available output power of present excitation
sources, one has to achieve a certain spot size. The effects of the
parameters of the compensated cavity (f, 0, t) on the beam area of the
excitation beam will now be investigated.
1. Beam Radius and Location in the Empty Cavity
After reducing the Three Element system to an empty resona-
tor (section III. B.) with mirrors R and R * (3-3), the diameter of
2
the beam waist 2w (measured at the 1/e intensity points) is given by
[31]
, 2 d(R -d)(R *-d)(R. + R * - d)
w
4
= (£) i 1 1 -i (3.39)
°
U
(R, + R * - 2d)
Using equations 3.1, 3, 6, 7, 10, and 3.11 this can be ex-
pressed as:
, 2 CIL + 6 - 6 )(R, + 6 - 6 . )(6 -6) (6 - 6 )4 ,X N Z 1 max 1 mm max nun ,_ /n .
w = (_) — - U-'+u;
° R (R, + 26 - 6 - 6 . )
Z
1 max mm
This expresses the beam width in terms of the adjustment
measure 6
.
If R >> 2S equation 3.40 reduces to
/ i
2
w ^ = (£-) (6 -5) (5 - 6 . ) (3.41)
o II max mm
which indicates that w = at the limits of cavity stability.
o
In the center of the stability range










wnnpn , pr = <£) S
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[1 - i-y] (3.42)
o cente 11 2
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l




~ d) S 2 (3.43)
o ce e II
which relates the beam waist to the stability factor.
The evaluation of the waist location (t.. , the distance from
mirror R to waist location) follows the same procedure as the waist
radius. From Kogelnik and Li [31]
_







which can be rewritten as
(R, + 6 - 5 )(R
n
+ 6 - 6 . \
_ __1 max 1 mln y ,~ ,r\
C
l










This shows that t stays essentially fixed, when d is adjusted through
the stability range. In the center of the stability range
r max min (3.47)6 = 2
1 center 1 R
38









This locates the beam waist position.
Based on these investigations of the empty resonator, the
effects of the tilt of mirror R and the insertion of the Brewster cell
can now be considered.
2. Tilt of Mirror R
It was shown in section III. C. 3. that the stability range 2S
could be considered essentially the same in the sagittal (X) and the
tangential (Y) plane. This, together with equation 3.43, gives
w ~ w ~ w (3.49)
x y o
in the center of the stability range.
The different waist locations are readily evaluated by equations
3.46 and 3.47 as
t. - t. - R. (3.50)
lx ly 1
3. Insertion of the Brewster Cell
It is assumed that:
(1) the waist location is inside the dye cell (necessary
for dye laser operation)
(2) the cell windows and the dye are homogeneous material
as far as the index of refraction (n) is concerned.





Recalling equations 3.22 and 3.23, it is necessary to construct
the effective mirror (R^ - to-waist spacing out of two parts [30]. These
parts are the distance from mirror R to the entrance of the cell, and the




(n V (3.53)ly air y 4 '
The distance x is measured normal to the cell window as indicated in
Figure 10.








is the same in the sagittal and in the tangential plane,
air r
Kogelnik et. al. [28] postulate a symmetrical configuration as a
solution that should be very close to a practical optimum. This symmetri-
cal configuration assumes that waists in the sagittal and in the tangen-
tial planes are equidistant from the center of the cell with
x + x = t (3.55)
x y
Combining 3 . 54 and 3.55 results in










from which a compensation measure (A x) is defined as





The general statement of the compensated cavity, achieved by
getting the maximum overlap of the x and y- stability ranges, is modified
by equation 3-58 which states that even with maximum compensation there
remains a difference in the position of the stability ranges (i.e.
complete overlap is not possible). For dye laser operation (n - 1.4)
this difference is on the order of one-third of the cell thickness.
The light inside the cell propagates along the path A as in-
dicated by Figure 10.
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B 2 + 1n 1
Kogelnik and Li [31] expressed the expansion of a gaussian beam,
a distance z away from the beamwaist, as
w(z) - w
o





Assuming for simplicity that the beamwaist is located just
inside of the entrance window of the dye cell and recalling that the beam





= w = w (3.61)
x cell x o
cos$
w nn = -— w = n w (3.62)y cell cos$ y o
The expansions of the beam radii as a function of the propagation
distance along the beam axis are given by
X A
2 1/2









w „ (A) - n v [1 + (^ -) ] (3.64)
y cel1 ° En3 w
2
o
If one now defines the cross sectional beam area [28]
A = n w .. w -- (3.65)
x cell y cell
and replaces the parameter A by the variables (A - A^) and (A - A ) to
cover different waist locations A and A [28], the cross sectional beam
x y
area can be written as
2 2 1/2 2 2 1/2















In the symmetrical configuration
A
x' 2 ,.1/2 (3 ' 67)
n(n 1)
\ = Hr 172 (3 - 68)y (n + 1) '
Now equation 3.66 is the desired relationship, since it relates
the beam area A to the cell thickness t by equations 3.67 and 3.68 and








where —r is known as the confocal parameter.
E. CAVITY DESIGN DATA
Assume the following cavity design data:
-2
R, = 5x10 " m
















X = 0.488 um
n = 1.333 [24]
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The evaluation of equation 3.66, assuming the symmetrical con-
figuration, for different propagation distances A is given in TABLE III
TABLE III
Evaluation of Equation 3.66










Hence A = 0.9x10 m gives the smallest crossectional beam area A.
The single line (X = 0.488 urn) output power for a "Control Laser"
2Model 902 as excitation source was measured ad 1.2W for a 2 mm (at 1/e
intensity points) beam diameter. This laser would yield an excitation
-10 2
power density at the minimum cross sectional beam area (A=1.6xl0 ' m )
2
of 750 KW/cm . That would lie well above the stated threshold condition
2
of 100 KW/cm
. To indicate the trade-offs between beam area A, focal
length f, and cell thickness t, first focal length and then the cell
thickness are varied. The results of these calculations are indicated




Evaluation of Equation 3.66
(Focal length f is varied, other data as in original listing)
f=3 x 10" m f=10 x 10~
2
m













Evaluation of Equation 3.66
(Cell thickness t is varied, other data as in original listing)
-3 ' -3
t = 0.5x10 m t = 10 x 10 ' m
-3
-10 2 -10 2














The comparison of TABLES III, IV, and V indicates that the
original design data gave the highest excitation power of the cases
considered.
Using these data to evaluate equation 3.38, yields
= 6° 21'
With the evaluated angle of incidence and the previous data the
dye laser system is completely specified.
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IV. EXPERIMENTAL SET UP AND PROCEDURE
A. RESONATOR DATA
The experimental set up is shown in Figure 11 which is related to
Figure 8 since all parameters given in that figure remain valid for
Figure 11. The excitation (Argon) laser is inserted in the long leg of
the cavity with its front end F (F E laser front, E = laser end) pointing
toward the short part of the cavity.
The acutal parameters were chosen as indicated in section III. E.
.
For the excitation wavelength of 0.488 pm the dye lasing was expected at
0.565 um. This determined the coatings for the mirrors R , R , and R .
Mirrors R and R (R =5cm, R=10cm) were designed as high reflectors (re-
flectivity > 99 .5%) in the region from 0.480 urn to 0.580 pm; see Figure
12. Mirror R (R 9
= °°) which is the output mirror for the dye laser had
a high reflectivity (> 99.5%) from 0.480 um to 0.520 um. The reflectivity
for longer wavelengths slowly decreased to reach a 3.5% transmission at
the expected lasing wavelength of 0.565 um; see Figure 13. The cavity
lengths d and d were chosen as 10 cm and 200 cm respectively. The
-4
10 M solution of Rhodamine 6G (n=1.333) in water with 4% Ammonyx LO
(triplet quencher, provided by Onyx Chemical Company, Jersey City, New
Jersey) was pumped through the dye cell with thickness t=1.5 mm as in-




















































0.480 0.500 0.520 0.540 0.560 0.580
Wave length [ym]

























0.500 0.520 0.540 0.560 0.580
Wavelength [urn]
Reflectivity of Mirror R . Maximum and Minimum





Since excitation and dye laser have to use the same cavity the
excitation laser was put in the long leg of the cavity. The task was




and R to form the laser resonator.
The first try align all three mirrors failed.
The next attempt was to align mirror R with an argon laser output
mirror inserted at end F to form a resonator for the excitation source
only. This alignment was achieved relatively easy. The folded part of
the cavity, mirrors R and R, were now adjusted into rough alignment.
The expected very tight focus inside the dye cell could be observed.
Removal of mirror F and attempts to achieve lasing action in the folded
cavity failed. This proved that the folded part of the cavity was not
aligned with the flat mirror R . Efforts to align the folded part of
the cavity proved fruitless. The fact that two mirrors had to be ad-
justed made alignment quite difficult.
To overcome this difficulty the excitation laser was turned around
in order to align the folded part of the resonator first. The flat
mirror R would be adjusted after the mirror F was removed. This seemed
to be more reasonable since the adjustment of a single mirror introduced
only minor difficulties.
The experiment was stopped during this set up since the excitation
laser broke down and failed to produce a usable discharge.
The experiments have shown that even in this configuration the align-
ment of the cavity is the critical step in achieving cw dye laser action.
Rigid, very fine adjustable mounts for the mirrors and the cell as well
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